Abstract-Current-fed converters offer enormous potential as power conditioning units for fuel cell applications, owing to precise fuel cell stack current control, short-circuit protection, voltage gain, and stiff fuel cell dc current. Aspects such as low current ripple and smaller input current slope ensure energy efficient operation and better fuel utilization, and enhance the lifetime of the fuel cell stack. However, the demerits of turn-off voltage spike across semiconductor devices limits the operating frequency. This paper proposes, analyzes, and implements a simple and cost-effective impulse commutated modular three-phase circuit to eliminate and solve the associated turn-off spike problem. Impulse commutation permits soft turn-off of devices and clamps the device voltage. The converter efficiently handles the variations in the fuel cell stack voltage and current with variable frequency modulation. Detailed steady-state operation, analysis, and performance of the proposed modular converter with impulse commutation are reported. The proposed impulse commutated three-phase circuit is a potential candidate for high-current applications. The validation of the converter operation on a 1-kW proofof-concept hardware prototype is performed to substantiate the claims.
Impulse Commutated High-Frequency

R F L
Full load resistance (Ω).
T r
Resonant time period (μs).
T s
Switching time period (μs).
V o Output voltage (V). V in,m in Minimum input voltage (V).
V in
Input voltage (V).
Z r
Characteristic impedance at resonance (Ω).
I. INTRODUCTION
S ECURED, continuous, and clean output are the potential attributes, which have led to the widespread adoption of fuel cells in electric power networks and vehicular applications [1] . The scope for positive environmental impacts with reduced carbon dioxide emissions and high efficiency rates [2] are driving the research on fuel cells.
Fuel cell stacks generate low dc voltage that varies with output current depending upon fuel flow rate [3] . The output characteristic is highly nonlinear. Power electronic interfaces are hence mandatory for stabilizing the power supply [4] , [5] . The recent developments in power electronics and semiconductor devices have led to the realization of compact, efficient, and light-weight power conditioning systems. Besides providing voltage boost, the power conditioning unit should assure ripple reduction that is cardinal for the stack's lifetime [6] , [7] , capacity, efficiency, and fuel consumption [8] .
The literature establishes current-fed converters as suitable topologies for fuel cell applications compared to voltage-fed converters. Derived from boost converters, they facilitate high voltage gain [9] , [10] and short-circuit protection. Such converters, when operated in the current-control mode, eliminate the need for additional blocking diode and passive filter between the fuel cell and the converter [6] . Also, the input inductor minimizes the fuel cell stack current ripple. Further reduction in ripple and hence better fuel cell utilization is plausible by interleaving [11] and active ripple cancellation discussed by Viet in [12] to achieve better fuel utilization.
The efficient utilization of fuel cells in dynamic applications is highly dependent on their current slopes. Larger current slopes can lead to fuel starvation [13] , a phenomenon in which the fuel flow has difficulties in following the current step. Generally, current slope should be limited to 4 A/s for a proton exchange membrane fuel cell (PEMFC) (0.5 kW, 12.5 V) [14] and 500 W/s for PEMFC of 2.5 kW and 22 V [15] . Such smaller input current slopes are intrinsic to current-fed converters. The large boost inductor in the current-fed circuit deflates the di/dt.
In fuel cell systems, high frequency operation (HF) operation is mandatory to reduce the size of the input boost inductor and magnetics, and to ensure stable operating conditions. Soft-switching techniques in current-fed converters eliminate the turn-off voltage spike, limit switching losses, and thus permit the HF operation. Active-clamp circuits for zero-voltage switching (ZVS) and voltage clamping of devices in current-fed converters have been advocated in [16] and [17] . A simple bidirectional dc/dc circuit with no total device rating penalty and simple circuit with ZVS operation has been discussed in [18] . A voltage-fed quasi-Z-source converter with continuous input current and a family of cascaded quasi-Z-source network based converters have been reported in [19] and [20] , respectively. The family of floating interleaved dc/dc converters proposed in [21] offer high voltage gain and interleaving increases the ripple frequency in single-phase converters, which is generally limited to 2f s . The operation of a coupled inductor-based architecture with a fuel cell source is reported in [22] . Three-phase power conversion is a viable option for high power density applications with reduced magnetics. The merits of the three-phase systems for high-current applications are listed in [23] .
Modularity of power converters is suggested in the literature to simplify design, improve reliability, cut down production costs, etc. [24] . A good example of modular configuration is proposed in [25] . It has been validated that the proposed design with modularity has better component utilization and has led to 36% savings in transistor VA sizing. Considering the merits of modular current-fed converters for fuel cell systems, this paper proposes an HF three-phase soft-switching modular current-fed converter in which all the three-phase legs can be realized using a single module. The three-phase converter also operates in continuous conduction mode, assuring inherent ripple reduction [23] . The size of the passive components also depreciates as the ripple frequency is 3xf s [26] . The three-leg six-switch configuration in the primary of the proposed topology can be replaced by the integrated power electronic module that includes dedicated gate drivers [27] . A module to replace the secondary diode configuration is also available in the market. The simplified reliable system with easy design and assembly can be easily scaled up for high-power applications.
Soft switching in the proposed topology is realized through impulse commutation. Impulse commutation introduces a shortresonance impulse by a series inductance and a parallel HF capacitance for zero-current switching (ZCS) of the semiconductor devices [28] , [29] . The concept of the impulse commutation has been extended to the three-phase current-fed modular topology in this paper. Compared to the active-clamp circuits [16] , [17] , the proposed commutation provides an efficient, simple, and cost-effective solution to the traditional turn-off voltage spike issue.
The organization of this paper is as follows. Section II studies the steady-state operation and analysis of the modular threephase converter with proposed impulse commutation. Section III explains the design of the converter and the impulse resonant circuit. Experimental results from the proof-of-concept laboratory prototype rated at 1 kW are illustrated in Section IV. The steady-state analysis, design, and experimental validation acclaim that the proposed converter is a potential candidate for fuel cell applications.
II. OPERATION AND STEADY-STATE ANALYSIS
This section explains the steady-state operation of the proposed three-phase impulse commutated current-fed full-bridge converter, shown in Fig. 1 . The following assumptions are made to understand and study the operation and analysis. 1) Input boost inductor carries a stiff dc current I in .
2) The magnetizing inductances of the HF transformers are large with negligible current through them.
3) The semiconductor devices are ideal and lossless. 4) The leakage inductances of the HF transformer and the parallel capacitors between phases are equal, i.e.,
Variable frequency modulation controls the voltage regulation and the power transferred from source to load. The analysis has been detailed for one-third of the HF cycle. In the subsequent cycle, the intervals repeat in the same sequence with other symmetrical devices taking over the current. The equivalent circuits governing the different modes of operation of the proposed converter and analytical steady-state operating waveforms are in Figs. 2 and 3 , respectively.
A. Modulation
Based on the phase shift between the gating signals of the top and bottom switches in a leg, two types of modulations, namely, 120
• and 180
• can be realized. The switches in a leg are phase shifted by 120
• in 120
• modulation and are phase-shifted by 180
• in the other. In both the types, the phase shift between the legs is kept as 120
• . With 120
• modulation, the antiparallel body-diode carries twice the input current, lowering the conversion efficiencies, whereas with 180
• modulation, the body-diode conduction can be significantly lowered, enhancing the conversion efficiencies.
B. Modes of Operation
Interval 1 ( Fig. 2(a) : t 0 < t < t 1 ): During this interval, the top switch S 1 conducts the input current I in . The current in the bottom switch S 2 increases above I in . Conduction of body diode of switch S 6 (D 6 ) leads to its ZCS turn-off. The series inductor current i Ls1 remains constant at I in . i Ls3 continues to increase in the negative direction approaching −I p and i Ls2 increases above zero.
The rectifier diodes D b1 and D b6 transfer power to the load, clamping v C p1 at V o . The capacitor C p2 charges whereas C p3 discharges. At the end of this interval, S 3 is gated ON and i S 2 reaches its peak ON and the corresponding device capacitance C 3 discharges through the switch in a short interval of time. Device capacitances C 5 and C 4 discharge through S 3 and L s1 , respectively.
Interval 3 (Fig. 2(c): t 2 < t < t 3 ):
The commutation of the input current I in from phases A to B commences during this interval. Thereby, i S 3 starts increasing linearly, whereas i S 1 decreases. In the bottom circuit, D 6 continues to conduct. i S 2 decreases from the peak value I p .
The series inductor current i Ls1 follows i S 1 . i Ls2 increases in the positive direction and i Ls3 decreases from its negative peak −I p .
With D b1 and D b6 forward biased, charging and discharging of C p2 and C p3 continues. At the end of the interval, the rectifier diodes D b1 and D b6 commutate softly and C p1 discharges.
Interval 4 (Fig. 2(d): t 3 < t < t 4 ):
Top switch currents i S 1 and i S 3 continue to decrease and increase linearly, whereas i S 2 also decreases linearly with D 6 conducting.
C p1 discharges while the charging and discharging of the parallel capacitors and currents in the series inductors are as in the previous interval. The output capacitor C o feeds the load, as the rectifier diodes block the load voltage V o .
At the end of this interval, the input current gets shared equally between S 1 and S 3 . Final values: 
As the body diode of S 6 has ceased to conduct, the voltage across it begins to build up from zero. Simultaneously, the voltage across S 4 and S 5 in the other two legs also build up.
Interval 8 ( Fig. 2(g ): t 7 < t < t 8 ): At t = t 7 , the resonance between the series inductors (L s1 and L s2 ) and the parallel capacitor (C p1 ) commences. The resonance shapes the currents through S 1 and S 3 as sinusoids. The frequency and the characteristic impedance of resonance can be given as
where L eq = L s1 + L s2 and C p is the parallel capacitance reflected to the primary. The current i S 1 approaches zero and i S 3 rises toward I in . Series inductor currents i Ls1 and i Ls2 decrease and increase in a resonant fashion, respectively. At the end of this interval, Resonance ends as i S 3 and i Ls3 reach the peak of I p . Final values: i S 3 (t 9 ) = i Ls2 (t 9 ) = I p , i Ls3 (t 9 ) = −I in , and i S 2 (t 9 ) = I in .
Interval 10 ( Fig. 2(i) : t 9 < t < t 10 ): At t = t 9 , the bottom switch S 4 is gated ON and the corresponding device capacitance discharges through it and the device capacitance of S 6 discharges through L s2 in a very short interval of time. C 5 discharges through S 3 .
Interval 11 ( Fig. 2(j) : t 10 < t < t 11 ): With S 4 gated ON, the commutation of current i S 2 begins. The current i S 2 decreases from I in , whereas i S 4 increases from zero linearly. C p2 continues to charge, whereas C p1 discharges. The current i S 3 also decreases from its peak value I p .
The series inductor current i Ls2 decreases from I p . i Ls3 increases in the positive direction, whereas i Ls1 decreases. At the end of the interval, both the rectifier diodes D b1 and D b2 commutate.
Interval 12 ( Fig. 2(k 
III. CONVERTER DESIGN
This section elaborates on component's design and converter characteristic curves such as dc voltage gain, ZCS condition, current and voltage stress on the devices, etc. A design example has been provided to illustrate the converter design for the given specifications shown in Table I .
A. DC Voltage Gain
The dc voltage gain of the converter as a function of f n and n has been approximated as
The variation in the dc gain with f n for different n is shown in Fig. 4 .
B. Device Voltage Stresses
The voltage stress across the primary switches, rectifier diodes, and the parallel capacitors deployed for impulse commutation are
where Δv is 3-20% of V o /n depending on n and the characteristic impedance at resonance Z r . 
C. Current Stress
The rms current through the MOSFETs is approximated as
The approximate rms current values through the switches are computed to be 12.7 and 14.1 A for V in = 48 and 42 V, respectively at full load conditions. I in and f n are 20.83 A and 0.62, respectively, for V in = 48 V, and 23.81 A and 0.65, respectively, for V in = 42 V. The average current through the rectifier diodes is I o /n and is 0.88 A under the rated conditions.
D. Turns Ratio of the HF Transformer
The transformer turns ratio decides the operating frequency ranges as presented in (3) and device voltage stress. From Fig. 4 , an increase in the range of the operating frequency with turns ratio can be witnessed. From Table II , it can be inferred that the lower turns ratio increases the device voltage stress. Use of high-voltage devices with high ON-state resistance is unavoidable while the higher turns ratio translates into increased copper and large cross-sectional core area, leading to high transformer losses. Also, from Table II, it is evident that with higher n, the operating frequency band stretches, adding to the switching losses in the converter. To operate the converter with low conduction and switching losses, optimal turns ratio of 3 required to obtain a gain of 7.9 and 9 for V in = 42 and 48 V has been chosen.
E. ZCS Condition
The necessary condition for perpetuating ZCS with variations in the source voltage can be visualized as the constraint on the characteristic impedance at resonance Z r . The approximated condition is determined as
Equation (8) translates into the energy stored in the parallel capacitors responsible for impulse commutation. These capacitors provide the additional circulating current and thereby, enable ZCS turn-off of the primary switches eliminating the turn-off losses. Higher the value Z r , the lower the circulation energy. The circulating current adds to the peak, rms, and average current through the devices. Care should be taken to choose Z r such that ZCS can be perpetuated with source voltage variations from 48 down to 42 V while limiting the average and rms current through the body diodes and switches, respectively. (8), the maximum value of Z r allowed for this design is computed as 10.6 Ω. Table III tabulates the peak and rms current through the devices and the average current through the body diode for different Z r under extreme source voltages. It can be inferred that with Z r of 8 Ω, ZCS cannot be maintained for V in = 42 V. Z r of 7 Ω affirms the ZCS operation for the extreme source voltage conditions while limiting the device rms current and diode average current as compared to Z r = 6 Ω. Hence, optimal Z r of 7 Ω was chosen for the converter design.
F. Resonant Tank Parameters
The steps involved in the resonant tank design are as follows. 1) The switching frequency of operation f s and the turns ratio n are selected for the minimum gain condition, i.e., V in,m ax = 48 V. 2) The normalized frequency f n is then computed for the given n using (3). From the normalized frequency, the resonant frequency f r can be obtained as f n = f s /f r . 3) A value of Z r that satisfies the condition (8) and perpetuates ZCS with input voltage variation is chosen. 4) Using the selected values of Z r and f r , the parameters of the resonant tank L and C can be computed using (1) and (2). For this specific example, f s was chosen to be 75 kHz for V in = 48 V. With the computed value of f r = 120 kHz and the chosen value of Z r = 7 Ω, the L and C values obtained were 4.64 μH and 22.5 nF, respectively.
G. Boost Inductor Design
The value of the boost inductance is determined as
For Δi = 0.47 A, the required boost inductance is 100 μH.
IV. EXPERIMENTAL RESULTS
The converter design was verified using PSIM 9.3.3. Once the operation of the converter was established to be satisfactory through simulation, a proof-of-concept (1 kW) laboratory hardware prototype, as shown in Fig. 5 , was developed and tested. The details of the experimental prototype are given in Table IV . Following the modulation explained in Section II, the gating signals for the switches with a constant duty cycle of 0.47 are generated using Altera DE0-Nano. Semikron driver SKHI61R is employed for driving the power MOSFETs. The results obtained for the three different operating conditions, i.e., 1) V in = 48 V, 1 kW, 2) V in = 42 V, 1 kW, and 3) V in = 42 V, 500 W are shown in Figs. 6-8 , respectively.
The current I in through the input inductor with negligible ripple of frequency 3f s is shown in Fig. 6(a) . Input inductor curbs high di/dt [see Fig. 6(a) ] unlike voltage-fed converters. With current ripple less than 5% and with small current slope, the fuel flow in the stacks can be regulated with ease. Reduced ripple leads to better fuel utilization and source to load system efficiency.
The zero-current turn-off operation of the bottom switch S 4 is shown in Fig. 6(b) . As expected from the steady-state operating waveforms, the switch current reduces to zero and then the antiparallel body-diode conduction is observed. For the ZCS operation, the switch S 4 is turned OFF during the body-diode conduction. Once the body-diode conduction ceases, the device voltage starts building up. The charging and discharging of the device capacitance takes place thrice in an HF cycle (i.e., whenever a leg is shorted due to the conduction of a switch and the body diode of the other switch) as witnessed in Fig. 6(b) .
The transformer currents phase shifted by 120
• and with the peak of I p in either direction is shown Fig. 6 Finally, the transformer current in phase C and the voltage across the rectifier diodes D b2 and D b5 are presented in Fig. 6(e) . The rectifier diodes block the load voltage V o when nonconducting. The rectifier diodes also turn-off with zero current, dismissing the reverse recovery losses. The capacitive output filter clamps the diode voltages and eliminates ringing in the secondary circuit. The same explanation holds good for experimentally results obtained for V in = 42 V, 1 kW and V in = 42 V at 50% load, as shown in Figs. 7 and 8 , respectively. The antiparallel body-diode conduction increases substantially at light loads and this cannot be avoided.
The distortion in the switch and the transformer currents are attributed to the higher value of device capacitance and additional parasitic ringing due to the device capacitance and leakage inductance and printed circuit board layout. Under all operating conditions, the ZCS operation and the voltage regulation are ensured by variable frequency modulation. Switch voltages are confined well within the limits without spikes. The experimental results and the converter operation coincide well with the theoretical analysis in Section II and validate the proposed analysis, design, and claims. The required variation in frequency with both load and source voltage is highlighted in Fig. 9 . The variation in converter efficiency with load for V in = 48 V is shown in Fig. 10 . Efficiency of 94.7% was recorded at the rated condition, i.e., V in = 48 V at 1 kW. Low peak and circulating currents, and soft switching ensures highly efficient operation. MOSFETs on the high-current side were paralleled to further enhance the conversion efficiency.
The loss distribution in the converter at 48 V, 1 kW is shown in Fig. 11 . It should be noted that switching losses account only for the turn-on losses. The turn-off losses are zero due to ZCS operation. From the experimental results and the efficiency plots, it is clear that the converter operates smoothly and efficiently with the fuel cell voltage variations. With the low current ripple under all operating conditions, the dynamics of fuel cells and fuel utilization are reinforced. Hence, a highly efficient fuel cell based power conditioning system can be realized.
However, the current-fed converter suffer some stability issues owing to the right half plane zero in the control to output transfer function. To stabilize the system inner current loop is mandatory and cannot be avoided. Also, linear controllers may not be effective with wide source voltage/load variations. This calls for the use of nonlinear control strategies such as sliding mode control. Alternative control strategies are to be extensively researched.
V. CONCLUSION
An impulse commutated modular three-phase current-fed converter was proposed and analyzed for fuel cell applications. Soft-switching of the devices was realized through simple and cost-effective impulse commutation. Impulse commutation also eliminates the traditional turn-off voltage spike across the devices and confines the device voltage within limits. Higher power conversion efficiencies were recorded, owing to low peak and circulating currents. High operating frequency and low input current ripple (<5%), promises stable and energy efficient operation of the fuel cell stacks. The low di/dt of the input current also promotes fuel utilization. Load voltage regulation and power control were obtained through variable frequency modulation. The converter's operation and design were studied in detail. Experimental results were demonstrated to validate the proposed claims and the implemented impulse commutation. The proposed converter was justified as a potential candidate for high-power applications. She is currently a Postdoctoral Research Scholar with the FREEDM Systems Center, North Carolina State University, Raleigh, NC, USA. She worked extensively on current-fed converter topologies during the course of her Ph.D. studies at the NUS. Her primary research contributions in that area include development of impulse commutated current-fed converter topologies for renewable energy applications. Her research interests include soft-switching techniques, high-frequency power conversion for microgrids or distributed energy systems, and development of high-power inverters for vehicular applications. 
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